Introduction
A three-dimensional geologic model of the Hayward Fault in the San Francisco Bay Region shows that a number of different rock units are juxtaposed across the fault, both on the surface and at depth, in part as a result of lateral displacement (Graymer and others, 2005) . The fault gouge formed therein is likely a mixture of these various rock types. In order to model the mechanical behavior of the fault, which is known both to creep and to produce large earthquakes, it is necessary to determine the frictional properties of mixtures of the principal rock types.
In this study, we focus on six rock units that appear in the three-dimensional geologic map. As noted by Graymer and others (2005) , the active Hayward Fault zone forms part of the structural boundary between the Franciscan Complex on the west side and the Coast Range Ophiolite and Great Valley Sequence on the east side. Three Franciscan metasedimentary rock units were mapped on the west face of the fault at depth -Yolla Bolly terrane, Novato Quarry terrane, and Central terrane mélange -and all three were tested in this study. The three east-face rock types chosen for these experiments are the Joaquin Miller Formation of the Great Valley Sequence and serpentinite and gabbro of the Coast Range Ophiolite. Sample localities are shown in figure 1A .
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Figure 1. A) Location of samples collected from surface outcrops along the Hayward Fault. B)
Three-dimensional geologic map of Hayward Fault surfaces showing the various rock types brought into contact across the fault (after Graymer and others, 2005) .
We report the frictional strengths over a range of sliding rates of the six starting materials and of binary and ternary mixtures prepared from them. Although this work is directed towards the Hayward Fault, the Franciscan Complex, Great Valley Sequence, and Coast Range Ophiolite dominate the geology of the Coast Ranges of central and northern California. Results presented here, therefore, also are applicable to the San Andreas, Calaveras, Rodgers Creek, Maacama, and other faults of the San Andreas system in the Coast Ranges.
Description of Hayward Fault Rocks
Sample descriptions are based on optical and scanning electron microscope observations and bulk X-ray diffraction (XRD) analyses. Compositions of minerals in the gabbro and Great Valley Sequence graywacke, obtained by electron microprobe techniques, are reported by Moore and Ponce (2001) . Additional information about the rock units and the regional structure of the San Francisco Bay area is provided by Blake and others (1984) and Graymer (2000) . The numbering sequence corresponds to that in figure 1A . A two-dimensional geologic map of the two faces of the Hayward Fault, developed by Graymer and others (2005) (their figure 3A,B), is reproduced here ( fig. 1B) , and corresponding rock-unit symbols are included in the sample descriptions.
1. Great Valley Sequence, Late Cretaceous Joaquin Miller Formation (Ku). The sample is a calcite-cemented graywacke that is relatively rich in lithic fragments and feldspar clasts ( fig. 2A ). It contains ~13 modal percent phyllosilicate minerals, predominantly partly chloritized detrital biotite with minor amounts of detrital muscovite and secondary white mica (Moore and Ponce, 2001) .
2. Franciscan Complex, Late Cretaceous Novato Quarry terrane (fn). This rock is a fine-grained, closely packed, arkosic metagraywacke (labeled "metasandstone" in the rest of the paper) ( fig. 2B ; note the difference in scale from fig. 2A ). Detrital plagioclase has been completely altered to albite and minor pumpellyite and detrital K-feldspar has been altered to albite and phengitic white mica. In contrast to the calcite-cemented Great Valley Sequence graywacke, the matrix of this rock is rich in phyllosilicates. Overall, the rock contains ~29 modal % phyllosilicates, the majority of them chlorite and partly chloritized biotite. There are a few traces of retrograde alteration consisting of adularia + montmorillonite + Fe-oxides.
3. Franciscan Complex, Late Jurassic-Early Cretaceous Yolla Bolly terrane (fyb). The Yolla Bolly rocks are among the oldest, highest-grade metasedimentary rocks of the Franciscan Complex. This metagraywacke contains the characteristic low-temperature blueschist-facies assemblage jadeite + glaucophane + lawsonite. It is a semischist, but the original clastic character is preserved locally, for example, the clusters of jadeite and glaucophane in figure 2C have pseudomorphically replaced plagioclase and lithic grains, respectively. Some of the glaucophane is replaced partially by retrograde chlorite; this reaction may have accompanied late, brittle deformation of lawsonite and jadeite. The rock contains ~30% phyllosilicates, in a roughly 2:1 ratio of phengite to chlorite. fig. 1 ) consists of rock fragments of various lithologies and sizes immersed in a fine-grained matrix. The matrix material was collected for this study. It has a strong fabric resulting from penetrative shearing, and many of the larger clasts of quartz and feldspar in the mélange matrix are fractured ( fig. 2D ). Feldspars are thoroughly albitized, and quartz is partly recrystallized. Although pumpellyite was not identified in our sample, it has been reported in other mélange outcrops in the Bay area (Blake and others, 1984) . Phyllosilicate minerals comprise roughly 50 modal % of the sample and they consist largely of a mixture of chlorite and phengitic white mica. Younger calcite veins crosscut the foliation, and there is a minor overprint of the low-temperature retrograde assemblage adularia + montmorillonite +Ti-oxides + calcite + kaolinite.
5. Coast Range Ophiolite, Jurassic San Leandro gabbro (gb). The sample chosen for study is a coarse-grained gabbro whose igneous mineral assemblage is dominated by plagioclase, clinopyroxene, orthopyroxene and amphibole ( fig. 2E ). Low-temperature modifications include minor chloritization of the mafic minerals that is associated with narrow veinlets of Fe-oxides, and some zeolite-facies alteration (thomsonite + prehnite + albite). The total phyllosilicate content is ~6 modal % (Moore and Ponce, 2001) .
6. Coast Range Ophiolite, Jurassic serpentinite (cro). The serpentinite sample has been thoroughly sheared, and it consists of small pieces of bluish-to greenish-gray serpentinite in a fine-grained, pale-green matrix. A bulk sample was tested in this study. All three major serpentine minerals, antigorite, lizardite (6T polytype), and chrysotile, were identified in XRD patterns. Based on the relative heights of their (202) peaks, chrysotile and antigorite may be present in roughly equal amounts, with somewhat smaller amounts of lizardite. Some relics of mesh ( fig. 2F ) and bastite texture are preserved; overall, however, the original pseudomorphic textures have been obscured by recrystallization and deformation.
Experimental Procedure
Room-temperature triaxial sliding experiments (drained conditions) were performed in the laboratory on synthetic gouges prepared from the six Hayward Fault rocks. Each rock sample was crushed and sieved through a 100 µm mesh screen and then dried in vacuum for twelve hours at 100 degrees centigrade. Pure and binary mixtures were created based on dry-weight percent of material at 10, 25, 50, 75, 90, and 100% of end member constituents, as shown in Table 1 . Ternary mixtures of gabbro, metagraywacke, and serpentinite were prepared by first making a 50-50 mixture of gabbro and graywacke and then combining it with 10, 25, 33, 50, 75 and 90% serpentinite. The prepared gouge was mixed with deionized water to form a paste, and then applied as a 1-mm thick layer between 30 degree sawcut sliding blocks composed of basalt. Basalt is strong enough to resist crushing regardless of the strength of the gouge layer. A hole was drilled through the top basalt block to allow for free flow of water into the gouge layer from the pore pressure system; a filter was used to prevent gouge material from extruding through the hole. The samples were then jacketed in polyurethane tubes and secured between steel end plugs with hose clamps. This sample configuration matches that used by Tembe and others, 2010 , in their experiments on mixtures of quartz, montmorillonite, and illite.
Normal stress and pore-fluid pressure of 51 and 1 MPa, respectively, were applied to the sample for an effective normal stress of 50 MPa, simulating a depth of burial of around 3 km. Normal stress was maintained by computer-controlled adjustments of confining pressure. A greased Teflon shim was placed between the piston and steel driving block to allow for lateral slip of the lower sample half as shearing occurred. For lower-strength samples, axial load was measured with an internal load cell. High-strength sample measurements relied on an external load cell. These measurements were adjusted for piston/seal friction. During the experiments, true contact area on the sliding surface was computed and shear and normal stresses were calculated in real time. Stresses, pressures, and displacements were recorded at one-second intervals. Shear stress was corrected for polyurethane jacket strength.
In each experiment, sliding began at a rate of 1.0 µm/sec for the first 3 mm of axial displacement and then alternated among 1.0, 0.1 and 0.01 µm/sec for a total of 9 mm to observe the effect of sliding rate on strength. The uncertainty in pressures and jacket strength give an accuracy of 0.01 for the coefficient of friction, µ (defined as shear stress/effective normal stress: µ=/( n -p)), and variability in sample preparation gives a repeatability of about 0.03. Relative changes in strength within an individual experiment, used to determine velocity sensitivity, are significantly more accurate.
Results
End-Member Samples
Coefficients of friction, µ, for the six Hayward Fault rocks are shown in figure 3 . Following an initial rapid stress increase, all samples exhibited approximately constant strain hardening during the deformation tests. This strain hardening rate tended to correlate with sample strength (also reported by Tembe and others, 2010) . Periodic strength transients in the deformation plots correspond to changes in the imposed sliding rate. Friction values at 9 mm axial displacement (10.4 mm slip on sawcut surface) ranged from 0.36 for the serpentinite to 0.84 for the gabbro. At room temperature and 100 MPa effective normal stress, the frictional strengths of the individual serpentine minerals range from µ≈0.2 for chrysotile to µ≈0.4-0.5 for lizardite and antigorite (Moore and others, 1997; Morrow and others, 2000) ; values of µ at 50 MPa will be slightly lower. The strength of the Hayward serpentinite sample is consistent with the mix of serpentine minerals that it contains. Values for the gabbro and graywacke (µ = 0.75) are comparable to the post-failure frictional sliding strengths of intact samples of these same materials (Morrow and Lockner, 2001 ). Lockner and others (1982) reported a sliding friction value of µ = 0.68 for a pumpellyite-bearing Franciscan metagraywacke from the Geyser Peak area, which is essentially the same as the value for the comparable Novato Quarry metasandstone. All samples were velocity strengthening except for serpentinite.
In Morrow and Lockner (2001) , as well as in these current tests, sliding-rate changes during shearing caused discrete steps in the coefficients of friction. This velocity response can be characterized by the quantity a-b, where a and b represent the direct and evolutionary effects of a change in sliding velocity as:
where µ ss and V denote the steady-state coefficient of friction and the slip velocity, respectively (Dieterich, 1979) . All but the serpentinite sample exhibited velocity strengthening, that is, they were stronger at faster sliding rates. Positive values correlate with stable sliding (creep) (Rice and Ruina, 1983) . The a-b values for the velocitystrengthening gouges ranged from 0.0022 to 0.0062 (table 1) . The frictional strengths equilibrated quickly in response to a velocity change, with values of d c , the characteristic displacement of strength evolution, ranging from 0.087-0.164 mm (table 1) . The serpentinite, on the other hand, exhibited velocity-weakening behavior (weaker at the faster sliding rates), with an a-b value of -0.0113. It should be noted, however, that serpentinites containing different proportions of the three serpentine minerals may be velocity strengthening over some velocity ranges (Moore and others, 1997) . The d c value for this sample was around 0.817 mm, indicating that a longer displacement was necessary to reach a new equilibrium friction level after a change in velocity compared to the velocity-strengthening samples. Note the broad exponential curve in the friction response of the serpentinite sample after each velocity change ( fig. 3 ). The positive rate dependence observed in the gabbro and quartz-bearing samples probably is related to the continued strain-hardening, a process associated with nonlocalized shear, grain comminution, and densification. These are transient processes that, due to the limited total slip available in our experiments, appear to be operative for the full 9 mm of sliding. Therefore, it is likely that with continued sliding, strain hardening would cease and rate dependence would decrease. For this reason, the rate-dependence listed in table 1, while correct for the conditions tested, may not be generally applicable to the natural case where fault slip is greater than 9 mm and gouge particle-size distributions differ from our initial sample-size distributions. Further analysis of the velocity stepping data will be deferred until a future publication.
Binary and Ternary Mixtures
The strengths of binary mixtures of the Hayward Fault rocks at 9 mm of axial displacement (10.4 mm slip on sawcut) are illustrated in figure 4A for the three gouge mixtures not containing serpentinite, and in figure 4B for the binary and ternary mixtures containing serpentinite. Coefficients of friction decreased linearly with weight percent between the higher-and lower-strength end members in figure 4A . For the serpentinitemixture samples ( fig. 4B) , the relationship is more complicated. While the metagraywacke-serpentinite mixtures follow a linear mixing law, the samples that contain both gabbro and serpentinite are distinctly curved. In these plots, the serpentinite reduces frictional strength more than would be expected by its simple weight percent. The deviation from a linear response is greatest in the mid-weight percents with the discrepancy in µ being as much as 0.06. The addition of only a small amount of serpentinite also has a significant effect on the steady state velocity dependence of the mixtures as well as the characteristic slip distance d c (see table 1 ). These observations suggest that the presence of serpentinite may have a significant effect on fault stability (that is, creeping versus locked or unstable behavior), as it does not take the addition of much serpentinite to change the rheological properties of the gouge mixtures.
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Figure 4. Mixing laws of friction: a) Coefficient of friction at 9 mm displacement versus composition for three gouge mixtures not containing serpentinite. b) coefficient of friction versus composition for three gouge mixtures containing serpentinite. Straight lines connect end members and satisfy Equation (2) with coefficients in table 2.
Coefficients of friction of the serpentinite-gabbro-metagraywacke mixtures can be best illustrated in a ternary diagram ( fig. 5) , where the compositions of each sample are plotted as circles according to the weight percentages of the three end-member constituents. Circles along the three sides of the triangle represent binary mixtures of the end members as discussed above, and data in the interior represent the ternary mixtures. Contour lines of constant coefficient of friction were drawn based on the values at 9-mm axial displacement for each experiment. Coefficients of friction range from 0.36 to 0.84 
Discussion
The frictional strengths of the five quartz-and/or feldspar-rich starting materials are plotted in figure 6 relative to their total phyllosilicate contents. For consistency, the modal (volume) percentages obtained from the point counts, described previously, were converted to weight percentages. Because the densities of the sheet silicate minerals generally are intermediate between those of lower-density quartz and feldspar, and higher-density mafic and carbonate minerals, the modal and weight percentages are nearly identical. Over the compositional range of the tested samples, strength decreases linearly with increasing phyllosilicate content; a linear extrapolation of this trend to 100% phyllosilicates would yield µ≈0.1 (fig. 6) . However, such an extrapolation can lead to a significant underestimation of the weak end member. For example, consider the gabbroserpentinite system plotted as circles in figure 4B . When restricted to the measurements ranging from pure gabbro to 50/50 gabbro and serpentinite, the data conform to a linear mixing law that extrapolates to pure serpentinite friction of µ~0.23. The direct measure of pure serpentinite friction is significantly greater (µ=0.36).
The phyllosilicates in the five rock samples plotted in figure 6 are predominantly chlorite, phengite (a high-Si muscovitic mica), and detrital biotite and muscovite. Muscovite is the strongest of these phyllosilicate minerals and biotite the weakest (see fig. 10 of Moore and Lockner, 2004) . Room-temperature, water-saturated strengths of biotite and muscovite at 50 MPa effective normal stress were estimated from figure 8 of , and the range of µ was added to figure 6. All of the phyllosilicate minerals have substantially higher coefficients of friction than the value of µ derived from the extrapolated linear trend, indicating that the frictional strength mixing law must become nonlinear and flatten in the 50-100 percent phyllosilicate range (dashed line in figure 6 ). Indeed, all three mixtures shown in figure 4A have less than 50 percent phyllosilicates and plot within the linear trending region in figure 6. Viewed in this manner, the linear trends shown in figure 4A are expected. The phyllosilicate contents of the gouge mixtures from figure 4B were calculated using the values for gabbro and metagraywacke in figure 6 and assigning ~100 percent phyllosilicate content for the serpentinite. Frictional strengths of those mixtures are replotted relative to their phyllosilicate contents in figure 7. The slightly curved trend of the data essentially is the same as that for the gabbro-serpentinite series in figure 4B , and it is consistent with the overall curved trend in figure 6 . The sheet silicates in these mixtures thus have a greater impact on gouge strength than is indicated by their bulk concentration in the gouge. Mixtures of quartz with smectite clays (Lupini and others, 1982; Logan and Rauenzahn, 1987; Brown and others 2003; Takahashi and others, 2007; Tembe and others, 2010) or kaolinite (Crawford and others, 2008 ) also exhibit a non-linear frictional strength trend with varying clay content. It is commonly found that unusually weak minerals such as smectites tend to dominate shear strength of gouge mixtures when they are present in high concentrations (Lupini and others, 1982; Tembe and others, 2010 ) and lead to nonlinearity in the mixing laws at concentrations above about 60 percent. More detailed comparison of the results of this study with other mixing-law investigations will be made in a subsequent paper.
Nevertheless, for application to modeling studies of the Hayward Fault, the restricted range of phyllosilicate contents of most rock types, including the mélange matrix ( fig. 6B ), means that they can be related by linear mixing laws ( fig. 6 ). Even for mixing between the strongest and weakest rock types tested, the gabbro and serpentinite, use of a linear mixing law would overestimate strength by, at most, 10 percent (figs. 4b, 7). The more restricted compositional ranges of other mixtures involving serpentinite, such as the metagraywacke-serpentinite series, can be approximated by straight lines.
Therefore, from the largely linear trend of friction between end-member values, the coefficient of friction of a mixture, µ mix , can be expressed as a simple weighted average: µ mix = µ 1 x 1 + µ 2 x 2 + µ 3 x 3 ,
where µ i is the coefficient of friction of the i th species and x i is the dry weight fraction of the i th species. For example, the coefficient of friction of a gabbro-mélange mixture would be: µ mix = (0.84)(gabbro weight fraction) + (0.48)( mélange weight fraction).
Coefficients to be used in (2) are summarized in table 2.
Modeling of the frictional behavior of Hayward Fault gouge mixtures at nearsurface conditions is thus relatively straightforward, requiring only knowledge of the range of strength and compositional components of the end-member materials within the fault zone. There remains the important issue of how to determine the effects of diagenetic changes in the gouge as hydrothermal fluids circulate through the rocks. Such issues are best addressed by borehole studies in which fault structures can be directly observed, and by laboratory investigations conducted under hydrothermal conditions. For instance, fault rock analysis from the Nojima Fault in Japan (Ohtani and others, 2000) and the Great Sumatra Fault zone in Indonesia (Moore and others, 2001) give us direct observations of repeated behavior of vein filling in active fault zones. From this we can determine the extent of healing and sealing between rupture events. Studies of active faulting in Dixie Valley, Nevada (Barton and others, 1998) show how fluid circulation around fault zones is controlled by the orientation of in place stresses. In this case, unfavorably oriented faults tended to heal through vein-filling and precipitation reactions, while highly stressed faults would remain hydraulically conductive due to shearing. Recent laboratory tests indicate that the chemical contrast between ultramafic rocks, such as serpentinite, and quartzo-feldspathic rocks can affect the shear strength of mixtures of these rocks at hydrothermal conditions (Moore and others, 2008) . These examples all illustrate how fault-zone materials at depth evolve with time, and how we might apply this insight to the Hayward Fault.
A primary goal of this study is to relate fault-zone rheology of the Hayward and other San Andreas system faults to deformation modes such as creeping versus locked regions, rupture nucleation sites, and distribution of microseismicity. The development of a three-dimensional geologic map allows us, for the first time, to address this issue in a meaningful way. Graymer and others (2005) compared subsurface geology to microseismicity patterns, geodetic slip inversions, surface creep rate, and rock strength. While they were not able to reach strong conclusions, their analysis should be considered a first step in relating fault composition to deformation style. Graymer and others (2005) considered rock strength as reported by Morrow and Lockner (2001) in their analysis. A comparison, for example, of peak intact strength from Morrow and Lockner (2001) with friction tests plotted in figure 4 shows a strong correlation between rock breaking strength and frictional strength. Still, frictional properties of gouge may better represent the shear resistance of well-developed faults, such as the Hayward.
With this in mind, one of the more striking deformation style features on the Hayward Fault is the apparent transition from locked to creeping zones in the 5 to 10 km depth range north of Berkeley (Graymer and others, 2005; Schmidt and others, 2005) . This change in deformation style corresponds closely with the transition from mélange to metagraywacke on the western face of the fault. In this region, the eastern face consists of Great Valley Sequence graywacke. As shown in figure 4A , the mélange is a relatively weak gouge material and the contrast between mélange and metagraywacke frictional strength is nearly 0.2. Thus, the transition on the northern Hayward Fault from locked to creeping sections may well be the result of a transition on the west face of the fault from brittle, high frictional strength graywacke facies to more phyllosilicate-rich, weak mélange.
A second prominent feature is the deep locked portion of the fault centered between Oakland and San Leandro. This feature corresponds to the juxtaposition of Franciscan metagraywacke with Coast Range Ophiolite. Below 10 km (above 300 degrees centigrade) antigorite is expected to be the dominant serpentine phase, and the deeper material adjacent to the fault is likely to consist of ultramafic or mafic rock that has been partially serpentinized. The west side of the fault apparently consists of quartzose Franciscan rocks. Recent laboratory tests Moore and others, 2008) indicate that under these pressure/temperature conditions, silica will react with ultramafic minerals to form weak phases, such as talc, that promote creep. So the mineralogy would suggest creep at depth rather than a locked region as suggested by the geodetic data.
Farther south, between San Leandro and Fremont, gabbro is juxtaposed across the fault with gabbro and with metagraywacke. These are strong, brittle rocks and should remain so at mid-crustal depth. Relocated microseismicity in this region shows numerous clusters and repeating earthquakes (Waldhauser and Ellsworth, 2002) , which would be expected from grinding of these rock types past each other. However, the modest but steady background creep, inferred to depths of 12 km from the geodetic modeling (Schmidt and others, 2005) , would suggest the presence of distributed serpentine or other weak hydrous minerals.
Finally, the Hayward Fault south of Fremont places Franciscan metagraywacke against Great Valley sandstones and graywackes, as shown in Graymer and others, (1995) . These are relatively strong rock types that should be locked and not susceptible to creep at depth. Yet this is the portion of the Hayward that shows the highest creep rate. Geophysical models based on gravity and magnetic anomalies (Ponce and others, 1995) suggest that the Coast Range Ophiolite (cro; figure 1B ) may extend this far south, possibly explaining this apparent contradiction by the presence of distributed serpentine or other weak minerals within the fault zone at depth in the southern regions. Such details of fault geology at depth may be answered only by deep scientific drilling into the Hayward Fault.
The results presented here are from tests conducted at room temperature. Future work needs to focus on measuring frictional properties of Hayward Fault materials under hydrothermal conditions of elevated temperature and pressure. Given the many rock types that have been brought into contact by motion on the Hayward Fault, many processes involving dissolution/precipitation reactions are possible that can contribute to the complex behavior found on the Hayward and other San Andreas system faults.
Conclusions
A suite of room temperature/high pressure friction experiments was done on synthetic gouges prepared from six rock types found along the Hayward Fault. These surface samples are representative of rock types brought into contact at depth by lateral slip on the Hayward and other San Andreas system faults in northern California. Mixtures of different rock types were tested to determine the effect of composition on shear strength. Coefficients of friction, µ, ranged from a low of 0.36 for the serpentinite to a maximum of 0.84 for the gabbro, correlating with phyllosilicate content. While the serpentinite and the Franciscan mélange were relatively weak, friction values for all other rock types were in the range of 0.67 to 0.84. The friction coefficient of mixtures could be predicted reliably by a simple weighted average based on the dry-weight percentage of the constituents. The northern termination of the locked portion of the Hayward Fault near Berkeley is found to coincide with the transition from strong Franciscan metagraywacke to mélange on the western side of the fault. Laboratory tests on these gouge materials showed a significant reduction in frictional strength, as well as a tendency for stable creep due to the large percentage of phyllosilicates in the mélange. In the central and southern Hayward, gabbro, sandstone and metagraywackes are found in contact across the fault. These strong, brittle rock types are likely to be responsible for the zones of microseismicity and repeating earthquakes that are observed. However, repeating microearthquakes and the regions of deep aseismic creep would seem to require the presence of extensive regions of diffuse serpentinite or other weak mineral phases in the fault zone. It is likely that confirmation of this model will not occur until deep drilling of the Hayward Fault is undertaken. 
